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Abstract 
A theoretical approach was used to study the atomic arrangements of boron carbonitride nanotubes with diameters from 4 to 16 
Å. The role played by nitrogen and boron doping in the structural stabilization of these molecular systems was evaluated, and the
geometry of carbon and boron carbonitride nanotubes was investigated using quantum chemical methods. The atomic 
arrangements and chemical compositions of B-C-N tubular structures proposed in the literature (BCN, B3C2N3, and BC2N) were 
analyzed. The results showed that the energy associated with boron and nitrogen incorporation depends strongly on tube diameter
and the B-C-N atomic distribution in the tubular structures. 
© 2011 Published by Elsevier B.V. 
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1. Introduction 
The outstanding mechanical and electronic properties of carbon nanotubes (CNT) [1] have led to the 
investigation of analogous materials such as boron nitride (BN), boron carbonitride (BXCYNZ), and boron carbide 
(BC) nanotubes. The electronic properties of carbon nanotubes depend only on their diameter and chirality [1]. 
These systems are usually treated as one-dimensional semiconductors or metals, depending on the geometry of the 
tubes [1]. The classification of single-walled carbon nanotubes (SWNTs) is based on two chiral indices (n, m), 
which give the geometry of the graphene ribbon that is rolled to form a nanotube. According to the usual 
nomenclature, nanotubes are said to be achiral when one of the indices is zero (zigzag) or when n = m (armchair), 
while all the other variants are chiral. It has been proposed that CNTs behave as 1-D conductors when the difference 
between the chiral indices is a multiple of 3: n – m = 3q, where q is an integer [1].  
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Semiconducting nanotubes are of interest in the fabrication of electronic devices as they offer the mechanical 
properties of small band gap semiconductors in systems of nanoscopic dimensions. Metallic nanotubes are the 
prototypes of mechanically robust molecular wires. However, the development of experimental techniques to 
precisely synthesize carbon nanotubes with uniform helicity and electronic properties remains a challenge, and 
imposes limitations on the technological applications of these nanostructures.  Theoretical [2] and experimental [3-5] 
studies have shown that it is possible to modify the electronic properties of the nanotubes by replacing some of the 
carbon atoms with heteroatoms [6]. Since the incorporation of these heteroatoms can also alter the structure [7, 8], 
chemical reactivity [9], and mechanical characteristics [10] of the nanotubes, it follows that it should be possible to 
control nanotube properties.  
Following the discovery of BXCYNZ nanotubes in 1994 [11], various methods to synthesize ternary boron 
carbonitride nanotubes have been reported, including arc discharge [12-16], laser ablation [17], pyrolysis [18, 19], 
hot-filament chemical vapor deposition [20], plasma rotating electrode process [21], and others. Quantum chemical 
calculations of the structural stability and electronic properties of boron carbonitride systems have been reported by 
several authors [11, 22-26]. BN nanotubes are semiconductors characterized by wide band gap energy, of about 5.5 
eV, that is independent of radius and helicity [27]. Theoretical studies have revealed that the electronic properties of 
BXCYNZ nanotubes can be tuned simply by changing their atomic compositions and configurations [28-32]. This 
characteristic means that BXCYNZ nanotubes could be useful in technological applications where carbon and BN 
nanotubes are unsuitable. 
Goldberg et al. [5] reported that multi-walled BN nanotubes have preferentially zigzag type chirality along their 
circumference, based on their diffraction patterns. In the case of BXCYNZ nanotubes, experimental measurements 
have revealed B-C-N compounds with distinct stoichiometries [22-41]. An important member of the BXCYNZ family 
is the BC2N nanotube [29-31, 40, 41]. Experimental and theoretical results have indicated that the BC2N nanotube is 
the most probable structure [31], although other possible atomic arrangements and chemical compositions (BCN, 
B3C2N3, BC4N, and B5CN5) of B-C-N tubular structures have also been studied. Although the general chemical 
characterization of B-C-N materials is well established, and routinely performed using electron energy loss 
spectroscopy, determining the spatial distributions of B, C, and N species in the structures still remains problematic. 
In the present work, we report a quantum chemical study of BXCYNZ nanotubes with diameters varying from 4 to 16 
Å. We analyze the role played by boron and nitrogen doping (BN-pair doping) in the energetic stabilization of these 
molecular systems. In our previous theoretical work [42, 43], it was analyzed nitrogen incorporation energy in 
carbon nitride nanotubes with diameters from 5 to 10 Å. It was concluded that carbon atoms are more easily 
substituted by nitrogen atoms in small diameter nanotubes than in larger ones. In the case of BXCYNZ
nanostructures, our theoretical results revealed that the energy of incorporation of the BN-pair also depends on 
nanotube diameter. Determination of the heat of formation after BN doping showed that the BN-pair incorporation 
energy depended on tube diameter, as well as on the atomic arrangement within the tubular structure.  
2. Computational details  
The geometries of tubular structures composed of carbon and boron-carbon-nitrogen (B-C-N) atoms were fully 
optimized using the semi-empirical Austin Method 1 (AM1) quantum chemical technique [44], which is based on 
Hartree-Fock theory. The advantages of semi-empirical calculations are that they are much faster than ab initio
calculations, and that they can be used for large organic molecules. A disadvantage of semi-empirical methods is 
that certain properties cannot be confidently predicted. In the case of the properties analyzed in this study, the AM1 
technique is very reliable for prediction of the molecular geometries and heats of formation of carbon materials. The 
error in heats of formation determined using AM1 is about 8.0 Kcal/mol [45], compared to experimental values. The 
average error in estimation of bond length is 0.05 Å [45]. 
Terminal bonds at tube ends were saturated with hydrogen atoms. Certain carbon atoms were substituted by 
boron and nitrogen atoms, and the geometries were re-optimized. In contrast to our earlier work, boron-nitrogen pair 
(BN-pair) substitution was not random, with sites being chosen in order to give various stoichiometric 
configurations.  
The energy associated with the incorporation of boron and nitrogen was calculated as the difference between the 
formation enthalpies of BN-doped and pure carbon systems, divided by the number of BN-pairs. These calculations 
were performed within the Spartan quantum chemical package [46]. 
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3. Results and Discussion
Schematic models of possible BXCYNZ nanotube structures are shown in Figure 1. These correspond to the 
optimized conformations of tubes with B3C2N3, B4CN3, BCN, B3CN4, B5C2N5, and BC2N stoichiometries (other
BXCYNZ stoichiometries were also investigated). The diameters of these model molecules range from 4 to 16 Å.
After BN-doping, the theoretical results showed some distortion in the tube walls, which generated variations in the
BXCYNZ tube diameter. The diameters considered corresponded to the average values calculated for nanostructures
with the same chirality. Over 50 model molecules were constructed, considering armchair ((4,4), (6,6), (8,8), and 
(12,12)) and zigzag ((6,0), (8,0), (9,0), (10,0), (12,0), (16,0), and (18,0)) nanotube helicitie.
The graphene sheet formed the basis for construction of the model molecules, with BN-pair substitution being
dependent on the desired BXCYNZ stoichiometry. This approach enabled analysis of the structural stabilization of
different BN-pair tubular distributions, for the same nanotube chirality and/or BXCYNZ stoichiometry.
(g) (h) (i)
(a) (b) (c) (d) (e) (f)
Figure 1. Fully relaxed model molecules studied in this work: (a) B3C2N3, (b) B4CN3, (c) BCN, (d) B3CN4, (e)
B2xCx-2Nx+2, (f) BC2N, (g) B5C2N5, (h) B3C2N3, and (i) B3C2N3. Other BXCYNZ stoichiometries, not shown in this
picture, were also considered. In this ball-tube scheme, yellow balls represents boron atoms, grey balls are carbon, 
blue balls are nitrogen, and white balls are hydrogen atoms.
Theoretical studies concerning the energetic stability and electronic structures of BXCYNZ nanotubes and
nanojunctions have been performed using ab initio density functional theory (DFT) and semi-empirical methods
[23, 28, 35, 40, 47, 48]. The geometries and electronic structures of double-walled boron carbonitride nanotubes
have also been calculated [26]. In these studies, the formation energy of the nanotubes was determined according to
an earlier model [29] that employed a zero-temperature thermodynamic approach based on the prior determination
of the chemical potentials of BB- and CC-pairs [49, 50]. In the present work, determination of the formation energy
of BXCYNZ nanotubes, and the incorporation energy of BN-pairs, was based on calculation of Enthalpy of Formation
using the semi-empirical AM1 method.
Figures 2 and 3 show the evolution of the enthalpy associated with BN-pair incorporation, as a function of
nanotube diameter, for BXCYNZ zigzag (dark symbols) and armchair (open symbols) nanotubes, respectively. The 
enthalpy of incorporation was calculated as the relative enthalpy per added BN-pair (['Hf(BXCYNZ) -
'Hf(C)]/n(BN)), where 'Hf is the heat of formation obtained from AM1 calculations. Analysis of the energy of
incorporation of BN-pairs in the model molecules suggests that small diameter nanotubes are more easily doped by
BN-pairs than large nanotubes. Theoretical comparisons of the energy of incorporation for zigzag boron carbonitride
nanotubes showed that, for the same BXCYNZ stoichiometry, the atomic arrangement affected the formation enthalpy
of the model molecules. In summary, it can be concluded that the energy associated with the incorporation of BN-
pairs is influenced by both tube diameter and the atomic arrangement.
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Figure 2. Heat of Formation results for zigzag BXCYNZ nanotubes with different diameters. The B3C2N3 and B5C2N5
stoichiometries correspond to the model molecules shown in Figure 1 (see text). B3C2N3 (1) and B3C2N3 (2) have
different atomic arrangements for the same stoichiometry. The black and white symbols correspond to zigzag tubes 
with BCN and BC2N stoichiometry, as proposed by Azevedo et al. [31]
Figure 3. Heat of Formation results for armchair BXCYNZ nanotubes with different diameters. B3C2N3, BCN, and 
BC2N stoichiometries correspond to the model molecules shown in Figure 1 (see text).
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A summary of the results obtained for several of the BXCYNZ nanotubes analyzed in this work is presented in
Figure 4. It can be concluded from comparison of the calculated energies of incorporation for these model molecules
that the BC2N nanotube is not the most stable structure in terms of its chirality. It has been suggested that B and N
atoms have a strong preference to exist as neighbors in boron carbonitride nanotubes. The B3C2N3 armchair
nanotubes showed the lowest formation energy because there are a greater number of B-N bonds in this atomic
arrangement [27]. In the case of zigzag nanotubes, the incorporation energy results indicated that tubes with B5C2N5
stoichiometry are the most energetically stable. This configuration also maximizes the number of B-N bonds.
Figure 4. Heat of Formation results for zigzag (dark symbols) and armchair (open symbols) BXCYNZ nanotubes of
different diameters and stoichiometries. The BXCYNZ stoichiometries indicated in the legend correspond to the
model molecules shown in Figure 1 (see text).
Although BC2N stoichiometry is considered to be the most probable nanotubular structure [31], it can be 
concluded from the results shown in Figures 2 and 4 that BXCYNZ nanotubes with B3C2N3 and B5C2N5
stoichiometries can be also stable structures as BC2N. These stoichiometries result in the lowest BN-pair
incorporation energies, because the atomic arrangements minimize the number of B-C and C-N bonds.
4. Conclusions
Semi-empirical methods were used to investigate the energetic and structural stability of BXCYNZ nanotubes. The
results of formation enthalpy analyses suggested that for zigzag nanotubes, the energy of incorporation of BN-pairs
depends more on atomic arrangements than on nanotube diameter and helicity. As with carbon nitride nanotubes,
small diameter boron carbonitride nanotubes are more easily doped by BN-pairs than large diameter tubes. The most
stable structures are those that minimize the number of B-C and C-N bonds, such as B3C2N3 and B5C2N5 structures.
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